. Purpose:
; range: 41-70 mL⅐kg Ϫ1 ⅐min
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) and normal resting lung function performed two randomized incremental treadmill tests to V O 2max (FIO 2 : 0.21 or 0.26) during the follicular phase of their menstrual cycle. Arterial blood samples were taken at rest and near the end of each workload during the normoxic test. Results: During room air breathing at V O 2max , SaO 2 decreased to 91.8 Ϯ 0.4% (range 87-95%). With 0.26 FIO 2 , SaO 2 at V O 2max remained near resting levels and averaged 96.8 Ϯ 0.1% (range 96 -98%). When arterial O 2 desaturation was prevented via increased FIO 2 , V O 2max increased in 22 of the 25 subjects and in proportion to the degree of arterial O 2 desaturation experienced in normoxia (r ϭ 0.88). The improvement in V O 2max when systemic normoxia was maintained averaged 6.3 Ϯ 0.3% (range 0 to ϩ15%) and the slope of the relationship was ϳ 2% increase in V O 2max for every 1% decrement in the arterial oxygen saturation below resting values. About 75% of the increase in V O 2max resulted from an increase in V O 2 at a fixed maximal work rate and exercise duration, and the remainder resulted from an increase in maximal work rate. Conclusions: These data demonstrate that even small amounts of EIAH (i.e., Ͼ3% ⌬SaO 2 below rest) have a significant detrimental effect on V O 2max in habitually active women with a wide range of V O 2max . In combination with our previous findings documenting EIAH in females, we propose that inadequate pulmonary structure/function in many habitually active women serves as a primary limiting factor in maximal O 2 transport and utilization during maximal exercise. Key Words: ARTERIAL OXYGEN SATURATION, MAXIMAL EXERCISE, HYPOXEMIA, HYPEROXIA T here is increasing evidence that the pulmonary system may not always adequately meet the high energy demands of exercise. Specifically, it is well established that significant exercise induced arterial hypoxemia (EIAH) occurs in many highly trained young men (6) , some older athletes (13, 24) , and in the thoroughbred horse (1, 38) . We have recently extended these findings by demonstrating that many young active women, who are known to have smaller vital capacity, reduced airway diameter, and a smaller diffusion surface than age-and height-matched men (20, 27, 33) , also demonstrate EIAH (11) . The EIAH in the women studied to date appears to differ from that experienced in similarly aged men in that hypoxemia occurs in women with lower and sometimes near-normal maximal aerobic capacity (V O 2max ). Powers et al. (23) showed that when exercise-induced arterial O 2 desaturation was Յ 92% in highly trained men, preventing this amount of O 2 desaturation via a small increase in FIO 2 increased V O 2max in most subjects.
We questioned whether exercise-induced arterial O 2 desaturation affected V O 2max in habitually active women, and if so: a) what amount of EIAH was required, b) whether the effect of EIAH on V O 2max was related to the magnitude of V O 2max , and c) whether any changes in V O 2max that occurred with prevention of EIAH would be manifested at equivalent work rates or only at increased work rates. To address these questions we used normoxic and mildly hyperoxic inspired gas in a large group of habitually active women with a widely diverse V O 2max and who had already shown varying levels of arterial oxygenation during submaximal and maximal exercise (11) .
METHODS
Twenty-five healthy women (nonsmoking) aged 18 -42 yr were recruited to participate in this study. All subjects were runners (including 13 former collegiate runners and one former Olympian) and most competed regularly in middle and long distance races. All subjects ran at least three times per week and averaged 32.5 miles per week.
V O 2max averaged 148 Ϯ 5% of age-matched predicted values. Based on a detailed questionnaire, we determined that none of the subjects experienced symptoms of asthma, including exercise-induced asthma, or had any history of cardiopulmonary disease. Resting pulmonary function tests showed lung volume subdivisions and maximal flow: volume parameters were within Ϯ 10% of normal age and height-matched predicted values. Resting single breath diffusion capacity averaged 88 Ϯ 2% of predicted (11) . Selected physical characteristics of the subjects are shown in Table 1 . All tests were performed during the follicular phase of the menstrual cycle as determined by progesterone levels and self-reported basal temperature recordings over a 30-d period. Informed consent was obtained in writing from each subject and all procedures were approved by the Institutional Review Board of the University of WisconsinMadison.
During all tests subjects breathed through a low resistance two-way valve (Hans Rudolph, Kansas City, MO, Model 2400) and expired gases were sampled at the mouth via a Perkin-Elmer (Norwalk, CT) mass spectrometer (model 1100). Inspiratory and expiratory flow rates were measured separately by pneumotachographs (12) . All signals were displayed on a chart recorder, sent through an analog-todigital board, and sampled on a computer at 75 Hz.
Arterial blood was obtained from a 20-gauge indwelling plastic catheter inserted in the brachial or radial artery under local 1% lidocaine anesthesia. Multiple blood samples of 3-4 mL were drawn anaerobically (on and off the mouthpiece) over 20 -30 s during a 15-min rest period in the sitting position and during the final minute at each grade during a progressive treadmill test to V O 2max . Measurements of arterial PO 2 , PCO 2 , and pH during the normoxic tests were made with a blood gas analyzer calibrated with tonometered blood (Radiometer ABL300, Copenhagen, Denmark), and O 2 saturation (SaO 2 ) and hemoglobin (Hb) with a co-oximeter (Radiometer OSM3). Calculated SaO 2 (based on measurements of PaO 2 , body temperature, and pH) were in close agreement with obtained SaO 2 measurements (r ϭ 0.94). Blood gases were corrected for in vivo temperature changes during exercise as measured from a thermocouple placed intra-nasally in the lower one-third of the esophagus (Mona-Therm 6500, St. Louis, MO). Esophageal temperature increased 1.9 Ϯ 0.5°C from rest to maximal exercise. SaO 2 was estimated noninvasively via ear oximetry during the hyperoxic tests (Hewlett Packard, model 4100, Palo Alto, CA). Progesterone was determined by radioimmunoassay (Endocrine Sciences, Tarzana, CA).
Experimental protocols. Subjects completed three progressive incremental maximal O 2 uptake exercise tests (V O 2max ) on a treadmill. The first exercise test served to familiarize the subject with the protocol. The final two V O 2max tests were randomized and separated by 48 h to 1 wk. During the last two tests subjects breathed treatment gases of either: 1) normoxic air (21% O 2 , 79% N 2 ) or 2) hyperoxic air (26% O 2 , 74% N 2 ). The hyperoxic gas mixture was chosen based on our own pilot studies and other reports (6, 23) as the minimal amount of increased fraction of inspired oxygen (FIO 2 ) required to maintain SaO 2 at resting levels. SaO 2 was measured from arterial blood during the normoxia test and via ear oximetry for the hyperoxia test. Subjects were blind to the test condition. Each exercise test began with a 5-10 min warm-up period at 4 -6 mph at 0% grade and was followed by increasing the speed of the treadmill by 2 mph every 2.5 min until a comfortable speed of 6, 8, or 10 mph was reached. At this stage the grade of the treadmill was increased 2% every 2.5 min until volitional fatigue. Following a 20-min rest subjects ran at their final treadmill speed and grade from the incremental test until fatigue to verify the reproducibility of the V O 2max . There was no statistical difference in V O 2max between the normoxic trials.
Reproducibility of the V O 2max and peak work rate are shown in Table 2 . Based on the absence of significant changes in the group means and the high correlation coefficients obtained for individual measurements between repeat trials, the V O 2max appeared to be highly reproducible both between test days and within a test day.
Statistical analysis. A split plot analysis of variance (time ϫ group) with Tukey post-hoc test was used to compare mean values across work rates. Pearson product moment coefficients were used to determine relationships. Significance for all tests was set at P Յ 0.05.
RESULTS
Exercise-induced arterial O 2 desaturation. Group mean and individual subject values for the arterial blood gases and acid-base status at rest and during five to six intensities of exercise while breathing ambient air in a group of 29 women, including the present subjects, have been reported in detail (11) . In the 25 subjects tested in this study, arterial blood gases at V O 2max for FIO 2 0.21 are shown in Table 3 (mean data) and SaO 2 at V O 2max for individual subjects in Figure 1 . All 25 subjects had normal resting blood gases. During maximal exercise, 10 subjects maintained their PaO 2 within 10 mm Hg of resting levels and SaO 2 Ն93%, while the remaining 15 subjects reduced their PaO 2 to 67-88 mm Hg and their SaO 2 to 87-92%.
As shown in Table 3 , FIO 2 0.26 raised PETO 2 to 145-150 mm Hg and SaO 2 was maintained between 96 -97.5% at V O 2max in all subjects. Neither V E nor heart rate at any submaximal V O 2 or at V O 2max were influenced by preventing arterial O 2 desaturation. Effects of preventing arterial O 2 desaturation on maximal work rate, time, and V O 2 . All subjects ran at the same treadmill speed under each condition. However, with the increased FIO 2 , all subjects were able to exercise longer and some achieved an additional treadmill grade at their final work rate. Specifically, six of the 25 subjects were able to run at a 2% greater treadmill grade at the final work rate with increased FIO 2 , while the remaining 19 subjects achieved the same maximal treadmill grade at each FIO 2 but ran longer at the final work rate during the hyperoxic trials (42.3 Ϯ 5.3 s at FIO 2 0.21 vs 67.2 Ϯ 6.5 s at FIO 2 0.26; P ϭ 0.03). The longer exercise time in the hyperoxic trials had no effect (P Ͼ 0.05) on V O 2max .
Individual subject and mean V O 2max data at FIO 2 0.21 and 0.26 are plotted against SaO 2 in Figure 1 . Preventing arterial O 2 desaturation via increased FIO 2 allowed 22 of 25 subjects (88%) to increase V O 2max 6.7 Ϯ 0.9% Ͼ normoxic control (range 0.6 to 15.2%) compared with normoxic trials, while two subjects had lower V O 2max (Ϫ2.8 Ϯ 0.1%) and one subject's V O 2max was not different compared with the normoxic exercise test. Effects of preventing arterial O 2 desaturation on the relationship between work rate and V O 2 . Figure  3 shows the increment in V O 2 with increasing treadmill grade at constant speed in each of the 25 subjects. All but three of 25 subjects showed a tendency for the V O 2 to remain unchanged or even to fall slightly over the final two workloads during FIO 2 0. 21 Fig. 4 bottom) , the slope of the ⌬V O 2 /⌬work rate was unchanged from that at FIO 2 0.21 up through the fifth work rate but doubled in slope over the final two work rates as V O 2max was increased at the same peak work rate (ϩ4.8 Ϯ 1.0%). This comparison shows that about 75% of the total average improvement in V O 2max with prevention of O 2 desaturation resulted from an increase in V O 2 at a fixed work rate. In the other 10 subjects who showed minimal exercise-induced O 2 desaturation (Fig. 4 top) , FIO 2 0.26 had no effect on V O 2 at any specific submaximal or peak work rate or on the slope of V O 2 versus work rate over all work rates.
Relationships of improvement in V O

DISCUSSION
We reported that exercise-induced arterial O 2 desaturation occurs in many active healthy young women with varying aerobic capacities. We have now extended these findings by showing that this desaturation in women limits V O 2max ; i.e., preventing the desaturation via a mild hyperoxic inspirate leads to significantly higher V O 2max . Furthermore, V O 2max increased in proportion to the amount of O 2 desaturation that occurred under normoxic conditions. Preventing EIAH increased V O 2max in subjects with a wide range of V O 2max, ranging from 115% to 200% of normal predicted. The increase in V O 2 elicited by maintaining systemic normoxia resulted primarily from a significant increase Limitations. An overestimation of V O 2max can occur with the use of hyperoxic gas mixtures, especially when FIO 2 exceeds 0.45 (7, 37) . We avoided this potential problem by using only a mildly hyperoxic gas mixture. This level was chosen to avoid potential V O 2 measurement errors and was based on our own pilot data in female subjects and from previous reports in men (6, 23) that determined the minimal increase in FIO 2 needed to maintain SaO 2 at resting levels throughout maximal exercise. Furthermore, the occurrence of systematic errors in V O 2 measurements at 0.26 FIO 2 seems unlikely given the findings that: a) V O 2 was unchanged between 0.21 and 0.26 FIO 2 at all submaximal work rates; and b) 0.26 FIO 2 caused measurable (Ͼ1%) increases in V O 2max only in those subjects with Ͼ3% arterial O 2 desaturation during maximal air breathing exercise; whereas in those subjects (N ϭ 6) with less arterial O 2 desaturation at maximal exercise 0.26 FIO 2 showed no measurable effect on V O 2max . Also, we are confident that our subjects achieved V O 2max based on: a) the between-and within-day reproducible V O 2max values obtained at FIO 2 0.21, and b) the reduced rate of V O 2 increase between the final two work rates of the incremental test for most subjects (see Fig. 4 ). We note that this progressive test may not be a good measure of peak work rate performance capacity because of the duration of the test.
Ear oximetry is only an indirect estimate of SaO 2 and may be prone to artifact, especially with movement during treadmill exercise. These measurements were not used to quantify hypoxemia, which had been completed during the FIO 2 0.21 trial using direct measures of arterial blood gases (11) . Thus, our use of ear oximetry was only to ensure that SaO 2 did not fall below resting levels during FIO 2 0.26 trials. We have shown in males using direct measures of arterial blood gases that 0.26 FIO 2 was sufficient to prevent O 2 desaturation during maximal exercise (6) .
Preventing arterial O 2 desaturation effects on O 2 delivery and V O 2max : comparison with previous findings. Our study design differs importantly and fundamentally from previous studies that produced "systemic hyperoxia" during exercise by increasing FIO 2 sufficiently (Ͼ0.50) or infusing erythrocytes to raise plasma O 2 content and CaO 2 to well above the subjects resting as well as exercise levels (2, 3, 8, 16, 28, 32) . Thus, our study was designed to address the specific effects of naturally occurring arterial O 2 desaturation on V O 2max, and to this end we supplemented FIO 2 sufficiently only to prevent O 2 desaturation below normal resting levels.
Why did V O 2max increase when arterial oxygen desaturation was prevented? All our subjects either increased their work rate or ran longer at the final work rate in hyperoxia (see Results). As would be expected, exercising at an increased peak external work output with systemic hyperoxia at FIO 2 Ͼ0.50 has been shown to increase V O 2max (8, 16) . However, an increase in peak work rate accounts for only a small portion of the total increase in V O 2max seen in our subjects, as 76% of the total increase in V O 2max observed with increased FIO 2 occurred at iso-time and iso-work rates (see Fig. 4 ). In essence then, when we prevented the reduc- . In other words, the working muscle is capable of consuming O 2 at a greater rate when it is supplied, apparently because the maximal biochemical capacity of the muscle mitochondria is not normally realized at V O 2max . This dependence on O 2 delivery has been shown most often in highly trained male and female subjects (see review above). However, eight of our active female subjects with V O 2max in the 41-55 mL⅐kg Ϫ1 range or only 10 -25% greater than their age-matched V O 2max for untrained subjects also showed a sensitive dependence of V O 2max on changes in SaO 2 and CaO 2 . This dependence on O 2 delivery may not be true in extremely sedentary humans (26) or animals (14) with V O 2max well below the normal range and in whom locomotor muscle metabolic capacity is probably abnormally compromised.
Second, work by Knight et al. (16) showed an increase in V O 2max with increased FIO 2 , but only when maximal work rate was also increased. Ekblom et al. (9) and Nielsen et al. (21) also saw an increase in V O 2max with hyperoxia at the same workload as normoxia; although in the latter study, subjects exercised 4 min longer with increased FIO 2 . Perhaps to increase V O 2max with increased CaO 2 at the same work rate requires that the work rate used truly elicits a maximal V O 2, as best documented by a loss of linearity in the V O 2: work rate relationship at the higher work loads.
Prevention of EIAH ‫؍‬ widened a-vO 2 difference ‫؍‬ increased V O 2max . Clearly then, reductions in SaO 2 and CaO 2 below resting levels, because of inadequate pulmonary gas exchange, did constrain V O 2max ; however, is this simply a result of a proportional reduction in the maximal a-vO 2 difference across the working muscle, or do influences such as local blood flow or capillary to mitochondrial diffusion limitation also play a significant additional role? During submaximal exercise, acute reductions in SaO 2 and CaO 2 cause increases in cardiac output and limb blood flow (16, 32) and experimental reductions in cardiac output result in an increased O 2 extraction across the working limb (31) . These compensatory responses mean that V O 2 is preserved at any given submaximal work rate, just as we presently observed when arterial O 2 desaturation occurred. However, at maximal work rate cardiac output and limb blood flow and a-vO 2 difference are no longer able to compensate for reduced O 2 delivery. Accordingly, the increase in V O 2max achieved by increasing CaO 2 via increased Hb concentration (32) or via systemic hyperoxia (8, 16 ) was shown to result solely from a wider maximal a-vO 2 difference in proportion to the increasing CaO 2 . We would also expect this explanation to apply to our findings because we would not anticipate relief of arterial hypoxemia to increase cardiac output or limb blood flow at a fixed work rate.
We have no direct measures of blood flow or a-vO 2 differences in our present study, but we did determine that the increase in V O 2max achieved by preventing O 2 desaturation was predictable solely from the gain in CaO 2 and a directly proportional increase in the maximal a-vO 2 difference (see Fig. 5 ). The correlation of predicted to actual increases in V O 2max among all subjects when desaturation was prevented showed an excellent fit (r ϭ 0.98), but the measured increase in V O 2max was consistently 1-2% less than the predicted increase. Our indirect estimates of SaO 2 (via oximetry) during 0.26 FIO 2 and any exercise-induced changes in Hb concentration (assumed to be the same as measured during the 0.21 FIO 2 trial) would cause errors in the predicted values, but these would likely be small and random. More likely possibilities for the disparity are: a) that the effects of raising CaO 2 and widening the a-vO 2 difference are counterbalanced by a reduction in local limb blood flow (36) , but this flow-reducing effect of systemic hyperoxia during maximal exercise has not been observed in all studies (8, 16) ; or b) that the capability for increasing muscle O 2 extraction by increasing muscle capillary PO 2 via increased SaO 2 and CaO 2 has upper limits because it will eventually be limited by capillary to mitochondrial diffusion capacity or even by mitochondrial metabolic capacity (34) .
Alternative explanations for arterial O 2 desaturation effects on V O 2max . Our results show that exerciseinduced systemic arterial O 2 desaturation constrained V O 2max , and we have attributed this to the effects of decreased O 2 transport to working locomotor muscle (see above). An intriguing alternative concept is that systemic hypoxemia may cause feedback inhibition of limb locomotor muscle work rate to spare the function and/or oxygenation of more vital organ systems (15, 22, 29, 30) . Perhaps then it is the prevention of inadequate myocardial O 2 supply (22) or excessive respiratory muscle work (15) or even CNS hypoxia (30) that limits peak work rate of locomotor muscles in the presence of hypoxemia. This theory might apply to the effects of preventing arterial O 2 desaturation on increasing peak work rate as we observed in some of our subjects. For example, the idea that EIAH also means reduced O 2 transport to the myocardium (as well as limb) also leaves open the option that the relief of this hypoxemia may increase myocardial O 2 supply, force of contraction, and cardiac output (22) . However, the enhanced V O 2max at a fixed peak work rate that we observed in most cases with prevention of arterial O 2 desaturation would best be explained by enhanced O 2 delivery to, and the resulting increased a-v O 2 difference across, working limb muscles. This hypothesis remains to be reconciled with the opposing concept of Welch (35) that claims that increased or moderately reduced CaO 2 during exercise results in no net change in O 2 transport to, and therefore O 2 consumption of, working limb locomotor muscles. Thus, any increase in V O 2 with hyperoxia is attributed to nonexercising tissue.
Magnitude/sensitivity of V O 2max limitation with arterial O 2 desaturation. The amount of arterial O 2 desaturation needed to reduce V O 2max and the magnitude of this effect appears to differ in several respects from other studies in males. Powers et al. (23) observed that an exercise-induced reduction in SaO 2 of Ͼ5% below rest to Ͻ 92% was required to cause a measurable effect on V O 2max in trained men, with the effect approximating a 1% decrement of V O 2max for each 1% decrement in SaO 2 less than 92%. Our present data suggest, however, that the threshold of arterial O 2 desaturation required to cause a measurable change in V O 2max is slightly Ͻ3% below resting levels, or in the 94 -95% SaO 2 range (see Fig. 2A ). On the other hand, several methodological differences between studies prevent us from concluding with certainty that there is a sex difference in the effect of arterial O 2 desaturation on V O 2max . Most importantly, our analysis included many more subjects covering a wider range of V O 2max (41-70 mL⅐kg Ϫ1 ⅐min
Ϫ1
) and a wider range of minimum SaO 2 (87-95%) during normoxic exercise, making our regression analysis more conducive to detecting significant relationships.
The effects of O 2 desaturation on V O 2max may be widespread and substantial. First, consider that significant arterial O 2 desaturation may occur not only through inadequate hyperventilation and/or alveolar to arterial O 2 exchange but will be exacerbated substantially via the normal occurrence of metabolic acidosis and increased blood temperature during heavy exercise. For example, in our female subjects with the most severe arterial O 2 desaturation, their desaturation was caused almost equally by the reduction in PaO 2 and the rightward shift in the HbO 2 dissociation curve resulting from the occurrence of acidosis and increased temperature (11) . Others have also reported significant arterial O 2 desaturation with only minimal exercise-induced reductions in PaO 2 (25) .
Secondly, it is true that the most commonly encountered levels of arterial O 2 desaturation among fit male, female, and older subjects (6, 11, 24) are usually modest and will cause less than a 10% reduction in V O 2max (see Fig. 2 ). However, a smaller but still significant fraction of these athletes experienced greater levels of O 2 desaturation in maximal exercise, and the detrimental effect on V O 2max was in the 8 -15% range. These effects of arterial O 2 desaturation on V O 2max (at sea level) rival those normally achieved by exposure to moderately high altitudes of 8000 -10,000 feet in normal untrained subjects (5, 18) and by moderate levels of anemia and loss of blood volume (7, 8) . We would predict that in many fit female subjects sojourning to even very modest elevations in altitude (to Ͻ5000 feet) would exacerbate the severity of O 2 desaturation and further limit V O 2max (6, 10, 17, 18) . This effect would probably be predictable from tendencies toward O 2 desaturation measured at sea level. Finally, given the deleterious aging effects on lung elastic recoil, airway closure, and diffusion capacity even in the highly fit subject (4, 19) , it does not seem unlikely that the fit aged female might be especially susceptible to EIAH and its associated curtailment of V O 2max .
Exercise performance. A related and untested question is the effect of exercise-induced arterial O 2 desaturation on exercise performance. Our data show that the duration of exercise at peak work rate was reduced by O 2 desaturation, and peak work rate per se, was also influenced in a few subjects. However, our progressive exercise protocol was not an ideal one to test effects on peak work rate (see Limitations). More importantly, what about endurance exercise performance? Does O 2 desaturation occur and is it sustained in heavy submaximal endurance exercise in the highly trained? Furthermore, would prevention of this sustained O 2 desaturation effect performance time as it has V O 2max ? While many claim tight correlations between V O 2max and endurance exercise performance, others have not found this relationship to be significant (for review see (22) ). Present findings and the high prevalence of significant O 2 desaturation during even submaximal exercise in active female subjects (11) would suggest that female athletes may be especially susceptible to O 2 desaturation-induced decrements in exercise performance.
